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ABSTRACT The discovery of bioactive natural products is hindered by bottlenecks encountered during

the isolation, characterization, and confirmation of the active compounds. We have applied a weighted
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gene correlation network analysis (WCGNA) to identify groups of 'H resonances associated with
bioactivity directly from crude '"H NMR spectra of metabolites extracted from various Piper species from
Costa Rica. Our screening of 30 methanolic leaf extracts against S. cereviseae revealed that three Piper
species produce compounds that exhibit prominent antifungal activity. By incorporating known structural
motifs into the 'H NMR networks of crude extracts, we could approximate general structural types of
some of the bioactive compounds during the initial phases of this targeted approach. Using unique
resonances that correlated with antifungal activity, we isolated and characterized four novel compounds,
three of which were identified as the active antifungal components of the mixtures. Subsequent growth
inhibition assays with purified or synthetic compounds validated their efficacy, demonstrating the
potential of this approach. Overall, this method reduces the need for repeated biological assessments of
fractions in a traditional bioassay-guided isolation, making it a streamlined approach to identify bioactive

natural products that can be used in a variety of applications.

Introduction

Plant derived natural products are a key source of molecular diversity, and they have historically driven
the drug discovery enterprise.! The quest for new biorelevant natural products is largely centered on the
implementation of bioassay-guided strategies, where bioactive plant extracts are exhaustively fractionated
and assayed until one or a few target compounds can be identified as the source of activity in the original
mixture. However, challenges surrounding this approach include the necessity of repeated screening
throughout the isolation process, the demanding process of characterizing new compounds, and the
frequent re-discovery of known natural products with established modes of action. These challenges have
discouraged bioprospecting efforts and hamper our understanding of chemically mediated ecological
interactions. Recent technological advances, such as the development high-throughput analytical
instrumentation, multi-omics mining tools for target compound identification, and mode of action-specific
bioassays, have overcome some of these limitations and re-established natural products as a source of

potential therapeutics.® Despite these advances, there remains a pressing need to develop methods that
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quickly guide the isolation of the functional components in complex mixtures. Network based approaches,
including compound activity mapping have demonstrated remarkable efficiency for identifying target

10-13 Recently, we reported the development of a 'H NMR-

mass spectral features in microbial extracts.
based network analysis (WCGNA) approach to identify collections of 'H NMR resonances (modules) that
reflect patterns of metabolites and/or structural features in complex mixtures of compounds.'* This
approach has been successfully applied for the identification of metabolic changes resulting from
ecological factors or treatments, and to evaluate structure level differences in secondary metabolism
across taxa.'> ' Previously, we assessed a diverse collection of crude Piper extracts to survey their growth
inhibitory capabilities against four organisms, each serving as a proxy for different facets of common
plant-pathogen interactions. Given that our 'H NMR network-based approach is useful for the direct
identification of spectral features, we envisioned that it could be applied within the biological screening
framework to rapidly guide the discovery of bioactive natural products that are relevant to plant-mediated
trophic interactions. This approach offers the opportunity to further accelerate the discovery of bioactive
natural products by targeting the 'H NMR resonances affiliated with the biological activity of the crude

extracts, thereby overcoming the bottleneck of repeatedly assaying fractions throughout the isolation

process to track bioactive compounds.
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Figure 1. Summary of workflow for the 'H NMR guided isolation of bioactive natural products. Our
development of this approach focused on evaluating the antimicrobial activity of the crude extracts from
30 species of the plant genus Piper (Piperaceae). With over 2,500 accepted species distributed
pantropically and an astounding phytochemical diversity, Piper is a formidable model genus for the study
of ecological interactions.!”2° However, the investigation of plant-pathogen interactions in this genus has
remained mostly limited to the characterization of specific antifungal compounds across individual
species. A recent review highlighted the prevalence of amides and phenylpropanoids as the most common
type of antifungal compounds in the genus, which could indicate the conservation of specific modes of
chemical defenses.?">?? In this study, we paired the '"H NMR network approach with growth-inhibition
assays against the model unicellular fungus Saccharomyces cerevisiae to guide the discovery of
antimicrobial natural products that likely play a central role in plant-fungal interactions. Moreover, by
seeding the networks with 'H NMR spectra of known compounds, we were able to annotate structural
features to the active targets prior to isolation and verification of the biological activity. Our approach
ultimately led to the discovery of three new antifungal compounds, one of which demonstrated remarkably
potent inhibitory activity and contained a novel imidazolium heterocyclic motif that is very rare amongst

plant species and represents a new class of compound isolated from Piper.
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Results and Discussion

Integration of 'H NMR-based Network and Bioassays

Methanolic extracts from 30 different Piper species were screened for their ability to inhibit growth of
four different organisms.>*> The metabolites in these extracts exhibited species-dependent growth
inhibitory activity against S. cereviseae (Figure S-1) when assayed at a consistent concentration of 80 pg/
mL. While most extracts displayed less than 20% inhibition, metabolite extracts from two species—P.
holdrigeanum and P. peracuminatum—presented nearly total growth inhibition, followed by P.
pseudobumbratum with 63% inhibition. These results suggested that common metabolites shared by Piper
species are not likely to possess antifungal activity, while extracts from these three Piper species
potentially contain one or more metabolites that cause S. cerevisiae growth inhibition. Leveraging this
distribution of inhibitory activity, we performed a network analysis with the 'TH NMR spectra of the crude
extracts to identify unique resonances associated with bioactive targets of the three most potent extracts.
Briefly, resonance signals (nodes) were grouped into network modules according to their correlation
patterns across the spectral collection. By calculating module associations with each Piper species
(eigenvalue, ¢), and module correlations with measurement of inhibitory activity (Pearson correlation, r),
we could infer which modules were directly connected to the bioactivity of the crude extracts. Next, we
seeded the network analysis with the 'H NMR spectra obtained from a library of known natural compound
mixtures, from which we calculated module correlations with the relative concentration of the mixture
components. This feature allowed us to identify the structural motifs depicted by each module, which

ultimately guided the elucidation and accurate isolation of the biologically active molecules.
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Figure 2: Module relationships obtained from the 'H NMR network analysis of Piper extracts. A:
The top heatmap panel displays module eigenvalues for each plant species and the bottom panel indicates
module correlation to measurements of organismal growth across the assay panels, where negative
correlations indicate an inhibitory effect. Modules are represented by colors in the middle panel. Green
directional arrows denote the most important module affiliations for extracts with enhanced inhibitory
activity against S. cerevisiae. B: Representative 'H NMR resonances for the modules associated with
bioactive extracts (light yellow, light green, royal blue, and dark red) are also shown along with tentative
structural assignments based upon the seeded spectra of standard compounds. C: Example correlations
between network modules of known compounds and those from crude extracts indicating that the prenyl
functionality (light green) is correlated with antifungal activity. Further structural inferences were drawn

from correlations of nerolidol terpene chain (light yellow) and the phenethylene functionality of
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pipleroxide (royal blue). No correlations between the seeded network and the resonances of the dark red
module affiliated with the inhibitory activity of the extract of Piper holdridgeanum are indicative of a new

antifungal functionality not represented in our seeded network of known compounds.

The '"H NMR-based network generated from the spectra of crude extracts resulted in 22 modules from
all 30 spectra, with an average of 8 (£ 4) nodes/module, excluding the turquoise module which was
exceedingly large for containing unspecific resonances from the oy 9.5—12 region. Significant correlations
(p < 0.05) between module eigenvalues and biological activity were verified for two modules, reflecting
strong associations between specific 'H resonances and Piper species that displayed enhanced inhibitory
activity (Figure 2). For instance, module light green had the strongest association with fungal inhibition
(r = 0.64), and its highest eigenvalue was calculated for P. peracuminatum (& = 0.56), the most potent
extract against S. cerevisiae. The second highest eigenvalue for this module was verified with P.
pseudobumbratum (&= 0.11), which also showed moderate S. cerevisiae growth inhibition. Remarkably,
the second most potent extract, from P. holdrigeanum, was associated with a different module that
displayed significant correlation with inhibitory activity (dark red, r = 0.42, ¢ = 0.62), suggesting a
structurally different molecule that was responsible for antifungal activity.

By integrating a mixture of known compounds that contain structural types known to be derived from
Piper species into this network, we were able to directly annotate some structural features to each module,
as shown in Figure 3. Thus, module light green was strongly associated with prenylated benzoic acid, and
according to its chemical shifts (du 5.33 for the isoprenyl C-H, ou 1.82—1.74 for the allylic methylenes),
it described the prenyl portion of that molecule. These 'H spectral features were present in both P.
peracuminatum and P. pseudobumbratum, where they represented very dominant signals in the spectrum,
suggesting that the corresponding target compounds were major components of each extract. Given the
limited degree of structural overlap revealed by light green, we turned to other modules correlated with

these Piper species to gain more information about the bioactive targets. The second most important
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module for P. peracuminatum, royal blue (&= 0.18), had weak correlation with yeast inhibition (r = 0.13)
and was associated with pipleroxide and alkene amide in the mixtures through the phenethyl ketone proton
resonance (ou 2.86). P. pseudobumbratum was most strongly associated with the module light yellow (&
=0.41), which was not correlated with antifungal activity and contained chemical shifts representative of
the vinylic methyl and allylic methylene resonances from nerolidol and carene in the mixtures (ou 1.98—
1.94 and 1.58-1.54). With the convergence of these results, we predicted that these two species of Piper
contained structurally similar prenylated aryls as their most bioactive compounds.

The module dark red, which was diagnostically associated with the antifungal activity of P.
holdrigeanum, contained a unique set of resonances at the narrow range of ou 8.53-8.62. We did not
encounter informative associations with any compound structural features of the seeded mixture that could
aid in a preliminary characterization of the target compound, suggesting that this molecule was
structurally distinct from any of the reference compounds used. This result demonstrates that the 'H NMR
network approach could help to identify novel molecular space and dereplicating at an early stage of
analysis. Unlike the other resonances correlating with bioactivity from the crude 'H NMR spectra of P.
peracuminatum and P. pseudobumbratum extracts, this compound was also a minor component of the
crude extract. The ability for this approach to identify even minor 'H NMR resonances that were affiliated
with the biological activity of the extract and that were not affiliated with any training set resonances
suggested that the P. holdridgeanum extract contained a potent antifungal that is structurally distinct from
other compounds isolated from Piper. We thus considered the characteristic resonances represented by
modules light green and dark red to perform an 'H NMR resonance-guided fractionation of the crude
extracts and isolate the active compounds from P. peracuminatum, P. pseudobumbratum, and P.

holdrideganum.

Compound isolation and structure determination

To isolate the compounds that correlated to the bioactivity, we adopted a general isolation protocol that

minimized the number of fractions and the necessity of repeated bioactivity screening by tracking the
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target compounds through '"H NMR analysis. The crude methanolic extracts were pre-fractionated using
a SepPak C18 column eluted with 50-100% acetone:water. Fractions were analyzed by 'H NMR and those
containing the target resonances were then prioritized for further purification via reverse-phase
preparatory HPLC. The isolated compounds were screened against S. cereviseae to confirm inhibitory

activity and subsequently analyzed using various 2D NMR techniques for structural characterization.

Initial fractionation of the P. pseudobumbratum extract yielded the target compound at high
concentration from the chromatographic fraction eluted with 50% acetone:water. Further purification of
this extract provided 35 mg of compound 1 with an ESIHRMS m/z 357.2009 (calculated for C22H3004,
357.2071 [M - HJ"), and which displayed the signature resonances from module light green. Analysis of
the '"H NMR data suggested the presence of a 1,2,3,5-tetrasubstitued aromatic ring with a single farnesyl
substituent, which was characterized by the presence of three vinylic resonances (du 5.07, 5.16 and 5.36)
and the single benzylic methylene (Ju 3.33). From the '*C NMR data we concluded that one of the ring
substituents was a carboxylic acid (oc 170.6 ppm) with the other two assigned as phenolic hydroxyl groups
given the presence of two oxygenated aryl carbons (oc 149.4 and 145.4). Finally, we concluded that both
aromatic protons H-2 and H-6 were ortho to the carboxylic acid since they displayed 'H{'*C} HMBC
correlations with the carboxylic carbon (C-7) and one of the hydroxylated carbons (C-4), and the observed
chemical shift values at ou 7.34 and 7.48 were consistent with this substitution pattern. NOESY data
confirmed the configuration of the alkene groups, and the final structure was determined as
(2°Z,6’E,10’E)-piperoic acid (1), which is a new isomeric form of the equivalent (2°E,6’Z,10°F)

compound isolated from P. auritum.**

Table 1. 'H and *C NMR assignments for (2°Z,6’E,10’E)-piperoic acid (1)
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Position ¢, type ou HMBC NOESY
1 122.4,C

2 115.1, CH 7.32d (2.0 Hz) 3,4,6,7

3 145.4,C

4 149.4,C

5 137.3,C

6 124.1,CH 7.35dt(2.0,0.5Hz) 2,4,7 1,2
7 170.7,C

I' 28.8,CH,  3.33brd (7.1 Hz) 4,5,2',3' 6,4'
2' 124.0, CH 5.36 brt (7.4 Hz) 1,3, 4,13 6, 13'
3 129.0,C

Z3 329,CH,  2.21-2.15 5,2,5,6,13' 1,6, 13'
5 27.6,CH>  2.16-2.09 4,67 14'

6' 125.3,CH 5.16 brt (7.4 Hz) 5,8, 14 4,8
7 136.2,C

8 40.8, CH, 1.98-1.92 5,6,7,9,10, 14" 6, 14
9 27.8,CHy 2.08-2.01 6', 8,10, 11' 14'
10' 1255,CH  5.07m 12', 15" (weak) 8, 12'
1 132.0,C

12! 259,CHs 1.65brs 10', 11, 12 10’
13' 23.8, CHs 1.75 br q (1.2 Hz) 5,2,3, 4 2,4
14' 16.1, CH3 1.60 brs 6,7,8 5'

15' 17.7, CHs 1.58 br's 10, 11, 15'

Solid-phase partitioning of the P. peracuminatum extract led to the recovery of the target peaks in the

fractions eluted with 50% and 60% acetone:water. These fractions were pooled for purification and the

resulting collections yielded two novel compounds—2 (20 mg) and 3 (16 mg)—with proximal eluting times

that contained the target resonances. Compound 2 resulted in an ESTHRMS m/z 355.1560 (calculated for

C21H240s5, 355.1551 [M - H]) and compound 3 yielded an ESITHRMS m/z 409.2030 (calculated for

C25H300s5, 409.2020 [M - H]). Both compounds presented resonances characteristic of prenyl groups

(identified by the light green module) across the 'H NMR spectrum, but they were consistently and

slightly shifted upfield for 3 (Table 4) compared to the same peaks in 2 (Table 3). The compounds also

had the signature peak from module royal blue (Ju 2.86, H-9), which was confirmed to be the part of a
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propenone moiety based on its 'H{!H} COSY correlations with the methylene resonance at ~du 3.25 (H-
8), and on the 'H{!3C} HMBC peaks of both methylene resonances with the ketone resonance at oc 205.9
(C-7). The peak from H-9 was present at an integration ratio of 1:1 with the vinylic resonance (~du 3.25,
H-2") in compound 3, which led us to the conclusion that this compound possessed two equivalent prenyl
groups. The most distinctive proton peak patterns for the two compounds were verified in the aromatic
region, where compound 2 displayed three diagnostic resonances for a 1,2,4-trisubstituted ring, while 3
contained a unique singlet indicative of a symmetric 1,2,3,4-tetrasubstituted ring. We confirmed from the
'H{3C} HMBC correlations between these aromatic protons and the carbons C-9 and C-1' that the prenyl
groups were implicated in the symmetry of the aromatic ring of 3, and that in both compounds the
propenone moiety was attached to the ring through the B-carbonyl carbon and meta position relative to
the prenyl groups. The presence of an oxygenated aryl carbon (C-13) in both compounds led to the
conclusion that the remaining substituent was a hydroxyl group in compound 3 and a methoxyl group in
2 (ou 3.77, H-16). Finally, we identified the singlet at o 5.86 as being part of an acylphloroglucinol
aromatic moiety, which was connected to the propenone linker through the carbonyl carbon ("H{"*C}
HMBC, C-7 and H-3/5), thus defining the structures of peracuminol (2) and 14-prenylperacuminol (3)

(Tables 2 and 3, respectively).

Table 2. '"H and 3C NMR assignments for peracuminol (2)

Position oc, type ou HMBC
1 105.3,C
2/6 165.2,C
3/5 95.9,CH 5.86s 1,2/6,4,7
164.9,C
205.9,C
46.8, CHa 3.27-3.24 7,9, 10

11
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9 30.5, CH, 2.84dd (8.2,67Hz)  7,8,10,11, 15

10 134.7,C

11 130.4, CH 6.98 d (2.0 Hz) 9,13, 15, 1"

12 130.6, C

13 156.6, C

14 111.5, CH 6.82 d (8.3 Hz) 10, 11,12, 13, 15
15 127.6, CH 7.01 dd (8.2, 2.3 Hz) 11,13, 14

16 56.1, CH3 3.77 s

I 293,CH,  3.24brd (7.4 Hz) 11,12, 13,2, 3
2' 123.7, CH 525m 5' (weak)

3' 132.9,C

4' 25.9, CH3 1.70 br s 2,35

h) 17.8, CH3 1.70 br s 2.3, 4

Table 3. 'H and *C NMR assignments for 14-prenylperacuminol (3)

Position  §, type on HMBC

1 105.3,C

2/6 165.1,C

3/5 95.8, CH 5.86s 1,2/6,4,7

4 164.7, C

7 206.0, C

8 46.7, CH: 3.21-3.27 7,9, 10

9 30.6, CHa 2.79t (7.6 Hz) 7,8,10, 11/15
10 134.4,C

11/15 128.2, CH 6.79 s 9,13, 11"
12/14 128.7,C

13 151.0,C

/1" 29.7, CHz 3.25brd (7.3 Hz) 11/15, 13, 12/14, 2'/2", 3'/3", 5'/5"
2'/2" 125.5, CH 526 m 1'/1", 4'/4", 5'/5"
33" 132.0,C

4'/4" 23.8,CHs L.72brs 2'/2", 3'/3", 5'/5"
55" 17.7,CH;  1.71brs 22", 3'/3", 4'/4"
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Initial attempts to purify the bioactive component(s) from P. holdrigeanum were met with failure, only
resulting in a prenylated benzoic acid derivative (5, Supporting Information) that did not contain the
targeted resonances from module dark red and demonstrated no antifungal activity. We found that silica
gel chromatography was not amenable to the isolation of the targeted resonances and speculated that the
lack of a strong chromophore also limited the application of traditional isolation methods using reverse-
phase media with UV detection. By employing reverse phase prep-HPLC with MSD detection to partition
the crude extract, we recovered 10 fractions containing varying concentrations of the compound(s)
exhibiting the target resonances (du 8.17 and 8.61). All of these fractions exhibited potent antifungal
activity against S. cerevisiae and contained a component with m/z 344.3320 corresponding to Co4H4oN"*
(calculated for 344.3312 [M]"). Further purification of the pooled fractions led to a highly enriched
fraction of the target compound containing the two broad singlets identified by module dark red along
with a propenyl system [on 4.81 (t), 2.48 (pent), and 3.44 (t), coupled via COSY], and two long-chain
aliphatic systems. The diagnostic 'H NMR resonances at ~d 8.6 indicated the presence of a pyridinium
moiety, and 3C NMR analysis further demonstrated the presence of 5 aromatic carbon resonances (Table
4). HMBC analysis confirmed the connectivity of the substituents to the aromatic ring, which supported
the assignment of the novel C6,C8-bis-octyl substituted 2,3-dihydro-1H-indolizidinium alkaloid,
piperholdripine (4), as the principal bioactive compound of the crude mixture with the 'TH NMR resonance
for the C-2 pyridinium methine as a strong indicator of bioactivity for the crude extract of Piper
holdridgeanum (Figure 3).

Table 4. '"H and *C NMR assignments for piperholdripine (4)

Position dc, type on HMBC

1 31.6, CHz 347t 89

13
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2 22.1, CH; 250t 1,3,9
3 60.5, CHa 483t 1,2,5.9
4 N
5 138.8, CH 8.60 br s 6.7.9
6 1429, C
7 145.9,C 8.17 brs 5.9
8 140.7,C
9 156.6, C
1'/1" 33.0, CH, 2.80t(7.3 Hz) 2'2",5,6,7,8,9
22" 31.7, CH, 1.69,1.70 m 8,6, 11",3/3"-7/7"
3'/3"-4'/4" 30.2,30.1, CH 1.34-1.44
5/5"-7.7"  32.7,33.2,23.6, CHa 1.26-1.36
8/8" 14.3 CH; 0.90 m

Comparison of the 'H and '*C NMR data this compound to other naturally occurring and synthetic 2,3-
dihydro-1H-indolizidinium alkaloids, specifically the C6,C8-bis-heptyl synthetic analog prepared by a
biomimetic Chichibabin pyridine synthesis reported by Snider and co-workers,?® further validated the
proposed structure. This finding underscores the efficacy of the network-based 'H NMR approach in
identifying biologically relevant resonances and rapidly isolating bioactive compounds that would

otherwise remain concealed due to complex interactions between multiple organisms.
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Figure 3. Key 2D NMR correlations and confirmatory synthesis leading to the structure
determination of piperholdripine (4)

Bioactivity of the isolated compounds

The purified compounds were subjected to S. cerevisiae growth inhibition assays to investigate their
antifungal properties. We first assayed the isolated compounds from P. pseudobubratum and P.
peracuminatum at a standard concentration of 100 uM in S. cerevisiae growth inhibition assays as
described in Materials and Methods (Figure 4; A and B). Compound 1 from P. pseudobumbratum
inhibited S. cerevisiae growth by 25% compared to untreated or solvent controls. In contrast, P.
peracuminatum compound 2 inhibited S. cerevisiae growth by 75%, and cells treated with this compound
exhibited markedly extended lag phase growth compared to untreated cells. Dose-response analysis of
cells treated with P. percuminatum compound 2 indicated an ICso of 10.5 uM (Figure 4; C). P.
peracuminatum compound 3 was less active at 100 uM compared to compound 2, displaying only 40%
growth inhibition compared to untreated controls. These results suggest that the prenyl moiety captured
by module light green is a determining structural feature for compound activity in the investigated
extracts, which is further supported by reports that identify prenylated benzoic acid derivatives with
antifungal activity across several species of Piper.'* It is noteworthy that although this structural feature
was correlated with increased inhibitory activities of compounds 1 and 2, the presence of a second prenyl
unit in 14-prenylperacuminol (3) resulted in significantly reduced potency, suggesting a structural
specificity affiliated with S. cerevisiae inhibition. Moreover, the enhanced inhibitory effect of P.
peracuminatum compound 2 was associated with another module (royal blue) that represented part of the
dihydrochalcone motif, which is also present in antifungal compounds isolated from P. mollicomum'> and
P. aduncum'®, and that can be postulated as an important structural determinant for yeast inhibition.
Conversely, the module that was most strongly associated with P. pseudobumbratum (light yellow) was
not correlated with inhibitory activity as it represented structural features of an elongated farnesyl group

that were not as determining for inhibitory activity.
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Figure 4. Antifungal activity of P. pericuminatum and pseudobumbaratum compounds. Purified
compounds were assayed against S. cerevisiae BY4741 as described in Materials and Methods at a
concentration of 100 uM. S. cerevisiae treated with 0.1% MeOH served as a solvent control. A.
Representative growth curves of S. cerevisiae BY4741 treated 100 uM P. pseudobumbratum compound
1 (orange), P. pericuminatum compound 2 (blue), or P. pericuminatum compound 3 (purple) compared
to 0.1% MeOH (red) and untreated (black) growth curves. Error bars represent SEM (n = 3). B. AUC
values of integrated growth curves are shown for similar experiments. Error bars represent SEM (n = 3).

C. P. pericuminatum compound 2 was assayed at decreasing concentrations to establish a dose-response

relationship. Error bars represent SEM (n = 3).

The antifungal activity of P. holdridgeanum extracts (Figure 5; A, B) revealed an inhibitory effect
comparable to that observed for P. peracuminatum but originating from a compound that was present at
a considerably lower concentration according to the target resonances depicted by the network analysis.
Synthesis of piperholdripine (4) using the methods described by Snider and co-workers yielded a product
spectroscopically identical to the isolated compound and demonstrated the strong antifungal activity,
inhibiting S. cerevisiae growth by greater than 80% compared to untreated and solvent controls (Figure
5A, B). Dose-response analysis of piperholdripine (4) growth inhibition activity indicated an ICso of 4.9

uM (Figure 5; C).
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Figure 5. Growth inhibition analysis of purified piperholdripine (4): S. cerevisiae BY4741 was grown
as described in Materials and Methods in YPD medium supplemented with 80 ug/ mL P. holdrigeanum
extract, 100 uM purified compound 4, or 0.1% MeOH as a negative control for 18 hours at 30°. A.
Representative growth curves of samples are shown. B. The area under growth curves was calculated and
plotted. Error bars represent SEM (n = 3 biological replicates, 9 technical replicates). C. Dose-response

curves of S. cerevisiae cultures subjected to decreasing concentrations of piperholdripine (4).

We predict that the evaluation of a larger library of Piper extracts using this methodology may
further elucidate the structural effects (e.g., elongation and functionalization of the prenyl chain) in
modulating the antifungal activities of these compounds and to guide the isolation of novel molecular
structures associated with biological activity. Complementarily, the application of this approach with
yeast deletion collections could provide a powerful method to identify the specific mechanisms of action
of a compound.!” Gene knockouts that result in altered drug resistance may offer direct clues to structure-
cellular target affiliations, and thus help to discern whether varying levels of inhibition result from
differentiated compound-specificity towards a common target, or if these compounds target distinct
cellular processes. The refined structural information obtained from the chemical modules can then be
evaluated against susceptible/resistant phenotypes to highlight the role of specific molecule motifs in
dictating biological activity.

Conclusion
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Overall, our "TH NMR-based network approach allows the deconvolution of phytochemical profiles
into quantifiable chemical characters that can be mapped directly onto bioassay data. The immediate
product of this process is the identification of diagnostic peaks in the spectrum that can be utilized to
guide the isolation of bioactive compounds, thus replacing the time consuming and laborious nature of
recursive bioassay of chromatographic fractions. Moreover, integrating a suitable library of spectra from
pure compounds in conjunction with the extracts provides a method to dereplicate known compounds
through tentative annotation of crude 'H NMR spectra, and a means for tailoring isolation strategies
specific to the target compound structural class. However, the utility of this methodology is not limited to
optimizing the process of compound isolation and identification. For example, in combination with
inhibition assays against knockout libraries of model organisms, such as S. cerevisiae, the analysis of
chemical modules can support the optimization of structural features for enhancing compound activity
against specific cellular targets and for dereplicating known mechanisms of action/biomolecular targets
prior to isolation. Additionally, activity screening against other species of fungi might reveal additional
inhibitory compounds and provide evidence for the implication of structural features in compound
selectivity towards different strains. The information contained by the modules can ultimately help
assessing the taxonomical recurrence of molecular motifs associated with specific modes of biological
activity, as demonstrated with the genus Piper, and help retracing the evolutionary history of chemical
defenses in plants and other organisms. Coupled with the gamut of bioactivity and target-based assays,
this methodology could be not only a valuable means to study conserved phytochemical defenses across
taxa, but also a useful tool for establishing structure-activity relationships (SAR) of potential targets and
optimizing the pharmacological properties of specialized metabolites.

Table 5. Growth-inhibition activity of crude extracts and isolated compounds against S. cerevisiae.

Species and Isolated Compound(s) % inhibition* ICs0 (uM)

P. pseudobumbratum 63.2
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61.3 n.d.
oH (2’Z,6°E,10’E)-piperoic acid (1)
OH Active

P. peracuminatum 98.7

OH IO

peracuminol (2)
Active

Ho 0.0 >100 uM
14-prenylperacuminol (3)
Not Active
P. holdrigeanum 93.8
\/\\//::%\13 piperholdripin (4) 4.9 HM
“® Active

Experimental Section

Extractions

30 different species of Piper were collected at La Selva Biological Station in Costa Rica, Heredia
Province (10°25" N, 84°00" W, 50 m). The most recently expanded leaves were collected from multiple
individuals and pooled for each species. All leaf samples were dried in an air-conditioned laboratory,
ground with mortar and pestle to a fine powder, and 2 g of this powder was transferred to a screw cap test
tube and combined with 10 mL of methanol. The samples were sonicated for 10 minutes and filtered to
separate the leaf material from the supernatant. This step was repeated a second time, and the supernatants
were combined and transferred to pre-weighed 20 mL scintillation vials. The solvent was removed under
reduced pressure at 25 °C and prepared for NMR analysis.
Bioassays

Crude methanolic extracts were assayed against Saccharomyces cerevisiae BY4741. S. cerevisiae cells

were initially grown on solid YPD medium (2% [w/v] peptone, 1% [w/Vv] yeast extract, 2% [w/v] glucose)
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and incubated for 2 days at 30 °C. A single colony was used to inoculate a 10 mL YPD culture, which
was incubated at 30 °C for 18 h with shaking. Saturated cultures were diluted 100-fold into liquid YPD,
and extracts or purified compounds were diluted into these cultures at indicated concentrations. Samples
were arrayed into Honeycomb 100-well plates (Growth Curves USA) and assayed in a Bioscreen C plate
reader (Growth Curves USA). ODgoo readings were taken at 5 min intervals for 18 h with 30 s of shaking
before each reading as previously described.?® Following the identification of inhibitory targets, the assays
were repeated with the purified compounds, initially at a concentration of 100 uM, and then at serial
dilutions to calculate the half maximal inhibitory concentration (ICso). Area Under Curve (AUC) values
were plotted against the log of the inhibitor concentration, and ICso was calculated in GraphPad Prism
using the log(inhibitor) vs. response variable slope model.
'H NMR analyses
Crude plant extracts were dissolved in 1 mL of methanol-d4 containing 0.03% TMS to yield a

nominal concentration of 15 mg/mL, filtered to remove insoluble residues and then transferred to 5 mm
NMR tubes. The samples were analyzed by "H-NMR spectroscopy using a Varian 400-MR (399.8 MHz)
spectrometer with 128 transients per spectrum, 2.556 s acquisition time, and 1.0 s delay time. Spectral
data was processed using MNova (version 10.0, Mestrelab Research, Santiago de Compostela, Spain).
Each spectrum was individually aligned by the residual methanol peak (septet, SH 3.31), phase-corrected
(global method) and baseline-corrected (polynomial fit of order 3). Following, all spectra were
superimposed and binned into 0.04 ppm intervals from 12 ppm to 0.5 ppm (bins integrated by average
sum). After binning the data, the solvent peak residuals were removed, the spectra were normalized to a
total area of 100 units, and the resulting data was exported into a .csv file to be used in the network
analysis.

Purified compounds were resuspended in methanol-d4 containing 0.03% TMS to an approximate
concentration of 10 mg/mL and subjected to complete structural characterization. 1D and 2D NMR
analysis was conducted on a Varian 400-MR (399.8 MHz) spectrometer using the following number of

transients, 1H: 128, 13C: 15000, gCOSY: 4x128, gHSQC: 4x256 and gHMBC: 8x512. Optimal pulse
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widths (pw90), delay and acquisition times were experimentally determined for each compound. In cases
where the solvent residual peaks compromised the characterization of the compounds, samples were also
prepared and analyzed using acetonitrile-d3 to resolve the assignments.
Network analysis

Network analysis of the crude 1H NMR spectra was performed according to previously reported
methodology.?” To facilitate the characterization of bioactive molecular targets from the crude extracts,
we seeded the network analysis with spectra collected from a library of prepared mixtures of known
compounds that broadly represent metabolite classes encountered in plant extracts. After the modules
were calculated for the combined set of mixtures and extracts, we calculated the Pearson correlations
between module eigenvalues and bioassay data. We then processed a parallel analysis to assign module
correlations with compound concentrations from the mixtures. By comparing these results, we were then
able to estimate the structural elements associated with the bioactive targets present in the crude extracts.
Moreover, by referring to the modules that demonstrated significant correlation with bioactivity, we
identified diagnostic peaks in the 'H-NMR spectrum that were used as a guide for the isolation of the
bioactive compounds.
[Incorporate parameters: beta=11, cutpar=0.25, 3 nodes per module, cytoTresh=0.009]
Compound isolation

For the isolation of target compounds, we sequentially and extensively extracted 6 g of leaf
material with n-hexane, acetone and methanol at room temperature under mechanical agitation. For
extracts that displayed the target peaks upon 1H NMR analysis, 200 mg of the extract were pre-
fractionated using preparative reverse-phase medium pressure liquid chromatography (RP-MPLC; 10 g
column, FC-C18 60 um, 2.5 cm x 8 cm), eluted with acetone:H>O at discrete increments of 10% acetone.
Two samples of 15 mL were collected for each eluent mixture, then dried under reduced pressure, and
analyzed by 'H NMR. When additional steps of purification were necessary, the pre-purified fractions
were submitted to RP-MPLC (5 g, FC-C18 60 pm, 1.5 cm x 5 cm), eluting with a linear gradient of

acetone:H>O from 0% acetone to 100% acetone over 30 minutes.
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Species Key
100
ADU: P. aduncum
ARB: P. arboreum

AUG: P. augustum
AUR: P. auritum
BIO: P. biolleyi
BIS: P. biseriatum

- CAB: P. cabagranum
CEN: P. cenocladum
COL: P. colonense
CON: P. concepcionis
FRI: P. friedrichsthalii
GAR: P. garagaranum
GLA: P. glabrescens

4 HOL: P. holdridgeanum
IMP: P. imperiale
MEL: P. melanocladum
NUD: P. nudifolium
PEL: P. peltatum
PHY: P. phytolaccifolium
PRB: P. perbievicuale

J PRC: P. peracuminatum
PSB: P. pseudobumbratum
RET: P. reticulatum
SAN: P. sanctifecilis
SCH: P. scheideanum
SIL: P. silvivagum
TRI: P. trigonum

i . — UMB: P. umbricola

URO: P. urostachyum
XAN: P. xanthostachyum
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Figure S1: Growth-inhibition activity of Piper extracts against S. cereviseae. Relative yeast growth was
calculated as the ratio between the area under curve (AUC) of extract assays and the control (YPD +

yeast + methanol).
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